Abstract. Axoplasmic vesicles that translocate on isolated microtubules in an ATP-dependent manner have an associated ATP-binding polypeptide with a previously estimated relative molecular mass of 292 kD (Gilbert, S. P., and R. D. Sloboda. 1986. J. Cell Biol. 103:947-956). Here, data are presented showing that this polypeptide (designated HI) and another high molecular mass polypeptide (1-12) can be isolated in association with axoplasmic vesicles or optic lobe microtubules. The H1 and I-I2 polypeptides dissociate from microtubules in the presence of MgATP and can be further purified by gel filtration chromatography. The peak fraction thus obtained demonstrates MgATPase activity and promotes the translocation of saltextracted vesicles (mean = 0.87/Lm/s) and latex beads (mean = 0.92 pro/s) along isolated microtubules. The H1 polypeptide binds [a32p]8-azidoATP and is thermosoluble, but the 142 polypeptide does not share these characteristics. In immunofluorescence experiments with dissociated squid axoplasm, affinitypurified HI antibodies yield a ptmctate pattern that corresponds to vesicle-like particles, and these antibodies inhibit the bidirectional movement of axoplasmic vesicles. H2 is cleaved by UV irradiation in the presence of MgATP and vanadate to yield vanadateinduced peptides of 240 and 195 kD, yet HI does not cleave under identical conditions. These experiments also demonstrate that the actual relative molecular mass of the HI and H2 polypeptides is ,~,435 kD. On sucrose density gradients, HI and H2 sediment at 19-20 S, and negatively stained samples reveal particles comprised of two globular heads with stems that contact each other and extend to a common base. The results demonstrate that the complex .purified is a vesicle-associated ATPase whose characteristics indicate that it is a squid isoform of dynein. Furthermore, the data suggest that this vesicle-associated dynein promotes membranous organdie motility during fast axoplasmic transport.
D
IrECtED intracellular organelle movement occurs in association with cytoplasmic microtubules in many types of eukaryotic cells. Initially, the requirement for microtubules was inferred from both morphological observations and from physiological studies in which the depolymerization of microtubules by pharmacological agents was accompanied by the cessation of organelle translocations. More recently, with the application of video microscopy techniques to microtubule-dependent motility, it was possible to observe directly single microtubules and the movement of individual particles along them. Moreover, these methods permitted the development of in vitro model systems to define and characterize the organelle-cytoskeletal interactions that occur to promote translocation and to confer specificity for the direction of particle movement (for review see 24, 57, 61, 71) .
The observation of Lasek and Brady (39) that the nonhydrolyzable analogue of ATE adenylyl imidodiphosphate, promoted the attachment of squid axoplasmic organelles to microtubules to form a stable complex led to the discovery and characterization of kinesin, a new mechanochemical force transducer (7, 64, 72) . Since these first studies, kinesin has been purified from many different cells and tissues and shown to be a ubiquitous force-generating protein. It mediates the plus end-directed translocation of latex beads along microtubules and microtubule gliding on glass coverslips at a rate of '~0.5 prrds and contains a major polypeptide with relative molecular mass of 110-130 kD and one or more light chains of ,x,40-80 kD (for reviews see 71, 79, 80) .
Because axoplasmic microtubules are oriented with their plus ends distal to the cell body (8, 27) , kinesin is thought to be the mechanochemical enzyme that propels organdies toward the terminal region during orthograde transport. When antibodies to the ll0-kD polypeptide of squid kinesin were used to remove kinesin from an axoplasmic supernatant (73) , the resulting supernatant stimulated bead movement from the plus to minus ends of microtubules: i.e., the direction opposite to that promoted by kinesin. Furthermore, the minus end--directed bead movement demonstrated pharmacological properties characteristic of axonemal dyneininhibition by 20 ~M vanadate and inhibition by N-ethylmaleimide. These in vitro motility experiments suggested that there are two distinct mechanochemical enzymes responsible for fast axoplasmic transport: kinesin for orthograde or-ganelle movement and another, possibly dynein-like protein, for retrograde transport.
To identify putative cytoplasmic dyneins, investigators have characterized high molecular mass polypeptides that copurify with microtubules and compared the properties of these microtubule-associated proteins (MAPs) with those of flagellar and ciliary dyneins (13, 21, 29, 31, 42, 47, 49, 52, 55, 81) . This strategy has permitted the identification of dynein isoforms in diverse species and tissues, including MAP 1C from bovine brain (48, 49, 76) , the nematode Caenorhabditis elegans translocator (42) , HMWP from the freshwater amoeba Reticulomyxa, and the rat Sertoli cell MAP, designated HMW-2 (47) . In contrast to the other microtubule-dependent translocators purified, the Reticulomyxa protein promoted bidirectional movement of latex beads. Porter et al. (52) characterized two distinct isoforms of dynein in unfertilized sea urchin eggs. One form appeared more closely related to axonemal dynein, and the authors suggested that it may be a ciliary precursor. The other dynein isoform, previously designated , demonstrated characteristics in common with putative organelle translocators.
The approach that we have taken to determine the molecular mechanism of force generation during fast axonal transport is to identify the ATP-binding polypeptides of axoplasmic vesicles that translocate on isolated microtubules and to evaluate these nucleotide-binding proteins as candidates for mechanocbemical enzymes (20) (21) (22) . The use of the photo- 
Materials and Methods

Materials
Squid Loligo pealei were obtained from the Department of Marine Resources (Marine Biological Laboratory, Woods Hole, MA). Mouse monoclonal antibodies to a-mbulin were purchased from Miles Scientific Div. (Naperville, IL); CNBr-activated Sepharose 413 was from Pharmucia Fine Chemicals (Piscataway, NJ); and carboxylated latex beads (0.15 #m diameter, 2.5% solid/solution) were from Polysciences, Inc. (Warrington, PA). Bio-gel A-L5m (200--400 mesh), gel filtration standards, electrophoresis purity acrylamide, N,N'methylene-bisacrylamide, and urea were obtained from Bio-Rad Laboratories (Richmond, CA).
[o~32p]8-azidoATP was purchased at a specific activity of 11-13 Ci/mmole from ICN Radiochemicals 1. Abbreviations used in this paper: DIC, differential interference contrast; MAP, microtubule-associated protein.
(Irvine, CA). [v32p]ATP was obtained at a specific activity of 3,000 Ci/ mmole from New England Nuclear (Boston, MA) or ICN Radiochemicals. All other biochemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Protein and Vesicle Purification
HI~H2. HI/H2 was prepmed either from freshly dissected squid optic lobes or from optic lobes that had been frozen in liquid N2 and stored at -80°C until use. Optic lobes were homogenized at 4°C in a volume of PM buffer (100 mM Pipes, pH 6.9, 10 mM MgSO4, 10 mM EGTA, 1 mM PMSF, 20 #g/ml leupeptin, 1 mM DTT, 0.5 mM GTP) that was 1.5 times the wet weight of the optic lobes. The homogenate was centrifuged at 31,000 g for 30 rain at 4°C. The supernatant was removed and clarified by centrifegation (180,000 g for 90 rain at 4°C). The supematant was removed, adjusted to 1 mM GTP and 20 #M taxol, and incubated at 4°C for 45 min to polymerize the microtubules. The microtubules were collected by centrifi,oation (39,100 g for 30 min at 4°C) and resnspended in PM-taxol buffer (PM buffer plus 20/tM taxol). The microtubules were sedimented by centrifugation over a 10% sucrose cushion in PM-taxol buffer. The resulting washed microtubule pellets were resnspended in PM-taxol buffer, adjusted to 10 mM MgATP, and incubated for 15 min at 26°C. The preparation was centrifuged at 39,100 g for 30 min at 4°C. The supernatant (referred to here as the first ATP release) was removed and stored on ice. The microtubule pellets were resuspended in PM-taxol buffer and adjusted to 10 mM MgATP as before. After incubation at 26°C for 15 min, the preparation was centrifuged as described above. The supernatant (the second ATP release) was removed, combined with the first ATP release, and concentrated.
The concentrated ATP-released fraction was clarified by centrifugation (180,000 g for 40 min at 4°C). The supernatant was removed and applied to a Bio-Gel A-l.5m column (1.5 cm x 40 cm) that was equilibrated in 20 mM Hepes, pH 7.2, 50 mM KCI, 5 mM MgSO4, I mM EGTA, 10 #g/ml leupeptin, I mM DTT, 0.1 mM MgATP. Approximately ninety 0.73-mi fractions were collected. The peak fractions containing H1/H2 polypeptides as determined by gel electrophoresis were pooled and dialyzed overnight against 20 mM Hepes, pH 7.2, 50 mM KC1, 5 mM MgSO4, 1 mM EGTA, I mM DTT, 2 mM PMSE The dialysate was then clarified by centrifugation and concentrated for ,,02 h using microconcentrators (Centricon 30; Amicon Corp., Danvers, MA) to a final protein concentration of ~1-3 mg/ml. This preparation was stored on ice until use.
For some experiments, the ATP-relensed fraction was dialyzed against the Hepes buffer, concentrated, and clarified for analysis by sucrose density gradient centrifugation by the method of Martin and Ames (44) . Samples (0.5-1 ml) were applied to 5-25% sucrose gradients (11.5 ml) and centrifuged at 33,000 rpm for 16 h in a rotor (SW41; Beckman Instruments, Inc., Palo Alto, CA). Eighteen 0.6-ml fractions were then collected from the top of each tube by the application of 40% sucrose to the bottom of the tube. The gradient fractions were analyzed by gel electrophoresis and tested for ATPase activity as discussed below.
Routinely, the purification began with 70 g of optic lobes which yielded ~7-8 mg of protein as the combined ATP-relensed supernatant. After gel filtration chromatography, dialysis, concentration, and clarification of the preparation, '~1 ml of protein at 0.9-1.8 mg/ml resulted. The sucrose gradient purification of the 19-20-S fraction of HI/H2 yielded ,~0.2-0.3 rag of protein at 0.03-0.05 mg/ml.
The thermosoluble preparation of H1 was prepared by adjusting squid micrombules in PM-taxol buffer to 0.75 M NaCI and 1 mM DTT. The microtubuie solution was transferred to a boiling water bath for 5 rain and then cooled rapidly. After centrifngation, the supernatant containing heat soluble H1 was removed, dialyzed, concentrated, and stored on ice until use.
Axoplasmic Vesicles. Vesicles were isolated from extruded axoplasm (5-8/d/axon) obtained from 12-14 giant axons of the squid L. pealei using discontinuous sucrose gradient centrifugetion as previously described (20) . The vesicles from the sucrose gradient were extracted with 2 M potassium acetate to remove peripheral membrane proteins. The vesicles and solubilized peripheral membrane proteins were then separated by Sephacryl S-400 column chromatography performed at room temperature in a plastic disposable 5-ml pipette containing 4 ml of resin equilibrated in 20 mM Hepes, pH 7.2, 50 mM KC1, 5 mM MgSO4, 1 mM EGTA, 20 #g/ml leupeptin, 1 mM DTT. Fractions of 200 #1 were collected, and protein was determined using a spot assay O) and SDS-PAGE (see below). The fractions containing vesicles free of soluble proteins were pooled and concentrated using microconcentrators (Centricon-30, Amicon Corp.).
Mammalian Brain TubuUn. Porcine brain microtobules were prepared by two cycles of temperature-dependent polymerization and depolymerization (65, 67) , and tubulin was separated from micrombule-associated poly-peptides by the method of Borisy et al. (5) . For the in vitro motility assays, the tubulin was thawed and assembled at 22°C with 20 VM taxoi plus 0.1 mM GTP. The assembled microtubules were then diluted in the Hepes buffer plus 20 t~M taxol.
Biochemical Assays
ATPase Assays. A~ activity was determined in Helms buffer (20 mM Hepes, pH 7.2, 50 mM KCI, 5 mM MgSO4, 1 mM EGTA) at 22°C and pH 7.2. A coupled assay system was used in which phosphoenolpyrovate and pyruvete kinase constitute the ATP-regenerating component of the assay, while the loss of NADH catalyzed by lactate dehydrogenase provides the optical signal needed to monitor the coupled reaction. The final concenwations within the cuvette were 0.2 mM NADH, I mM phosphoenolpyruvato, 10 U/ml pyruvate kinase, 5 U/ml lactate de~ydro~uase, H1/H2 protein (0-0.6 mg/ml), and MgATP (0-2 mM). The disappemance of NADH as a measure of ATP hydrolysis was monitored as the decrease in absorbance at 340 nm. Control experiments demonstrated that the regeneration of ATP by pyruvnte kinase was not limited by the conditions used. To assay for ATPase activity in the sucrose gradient fractions, the formation of 32pi from [732P]ATP was determined as described previously (34) .
Phot~oq~in/ty Lab~//ng. H1/H2 preparations were labeled radioactively with [a32p]8-azidoATP (ICN Radiochemicals) as previously described (21) . The 100-t~! aliquots contained a final concentration of 0.2 mg/mi protein and 10/tM [a32p]8-azidoATP (specific activity of 11-13 Ci/mmole).
Vanada_~_~nsiti~ UV Cleavage. The supernatant that resulted from extraction of optic lobe microtubules with 10 mM MgATP was clarified by centrifugation. This supematant enriched in HI and the resuspended microtubule pellet enriched in H2 were adjusted to 100 t~M vanadate from a stock solution of 100 mM sodium orthovandate. Because commercial preparations of sodium orthovandate contain varying amounts of water, the concentration of the stock solution of vanadate was established by the procedure of Vogel (78) which uses vanadium pentoxide (V2Os) as a standard. The H1 and H2 samples were irradiated on ice for varying times (0--360 rain) with 366-nm light (19, 37, 40) . Aliquots were then reduced and analyzed by SDS-PAGE.
Protein Determination. Protein concentration was determined by the Schacterle and Pollack (59) modification of the procedure of Lowry et al. (41) . FOr preparations that contained DTT, protein concentrations were determined by the method of Bradford (6) .
Preparation and Characterization of ill Antibodies
Antiserum against H1 was produced in New Zealand white rabbits using the following procedures. After electrophoresis, the band corresponding to HI was excised from the gel and incubated in PBS until the pH of the solution stabilized at 7. A quantity of the gel equal to •100/tg of protein was combined with a similar volume of PBS; this sample was then homogenized in an equal volume of Freund's complete adjuvant, and the rabbit was injected subcutaneously with this mixture. An identical subcutaneous booster injection (this time with incomplete adjuvant) was given after 4 wk. 1 wk after the boost, the serum tested positive for H1 antibodies by immunoblotting The rabbit was boosted again 2 wk later and bled for serum 2 wk after the second boost. The boosting and bleeding schedule was repeated. The IgG fraction was obtained from the preimmune and immune sera by precipitation with ammonium sulfate at 50% saturation, followed by resuspension of the pellet in and dialysis against PBS.
Antibodies to H1 were further purified using affinity column chromatography with purified HI (see Fig. 1 , lane c) bound to CNBr-aetivated Sepharose 413 using the procedure supplied by the manufacturer (Pbarmacia Fine Chemicals). The affinity-purified H1 antibodies were eluted from the column by the addition of 2 ml of 0.2 M glycine-HC1, pH 2.8, immediately brought to "~pH 6 by the addition of 2 ml of 10× PBS, and then dialyzed against PBS to remove the glycine and bring the antibodies to pH 7. The afffinity-purified antibodies were then concentrated at 4°C for use in Western blotting, motility, and immunofiuorescence experiments (see below).
Eleetrophoretlc transfer of proteins from polyacrylamide gels to nitrec~l-lulose paper (0.2/~m) was performed according to the method of Towbin et al. (70) . After the transfer was completed, the nitrocellulose sheets were processed for detection of rabbit IgG-antigen immune complexes by the use of alkaline phosphatase-conjngated secondary antibodies (4).
SDS-PAGE
Protein samples were analyzed using 4-10% acrylamide, 2-8 M urea linear gradient; or 5% acrylamide, 2 M urea; or 3% acrylamide, 8 M urea slab
• gels (0.75 nun) with 3% stacking gels according to the buffer formulations of Laernmli (38) and stained for protein with Coomassie brilliant blue R 250 (15) or silver nitrate (45, 56) . In silver stains, HI stains bright orange to yellow, depending upon protein concentration, and H2 stains jet black.
Light and Electron Microscopy
Video-enhanced DIC and Fluorescence Microscopy. Preparations were observed by video-enhanced DIC microscopy (1, 32) as described previously (21) . For observation of the slides prepared for double label immunofluorescence (see below), the microscope was used with epifluorescence illumination, and the fluorescent image was projected onto the silicon-intensified target of a camera (C-1000-12; Hamamatsu Corp., Middlesex, NJ) that was coupled to an image processor (C1966; Photonic Microscopy, Inc., Oak Brook, IL) for frame averaging to increase the signal-tonoise ratio. Images were recorded in real time. FOr reproduction of images from the videotapes, micrographs were photographed directly from the video monitor (using a 50-line Ronchi diffraction grating placed in front of the camera lens) onto 35-mm Plus-X film (Eastman Kodak Co., Rochester, NY) that was developed in Microdox-X (Eastman Kodak Co.).
Indirect Immunofluorescence. Samples for immunofluorescence were processed by previously published procedures (62) . The coverslips were mounted with p-phenylenediamine in buffered glycerol (33) and observed as described in the preceding section.
Motility Experiments
HI Antibody Inhibition. For the experiments in which the effect of affinitypurified H1 antibodies on motility was evaluated, the antibodies as well as various control preparations (see text and Table I ) were dialyzed against motility buffer (20 mM Hepes, pH 7.2, 175 mM potassium aspartate, 65 mM taurine, 85 mM betaine, 25 mM glycine, 6.4 mM MgCI2, 2 mM EGTA, 2 mM PMSF, 20/~g/mi leupeptin, 2 mM MgATP) and then concentrated to obtain a protein concentration of ,x,4 mg/ml. Axoplasm from three squid giant axons was extruded, added to 50 pl of motility buffer, incubated at 4°C for 15 min, and homogenized by pipetting 50 times using a Gilson P200 Pipetman (Rainin Instrument Co. Inc., Woburn, MA). The preparations of axoplasm consistently yielded a protein concentration of 7-8 mg/ml. 3/~1 of the axoplasmic preparation were combined with 3/~! of test sample (see text), and then 5/~1 were added to a coverslip (No. 0; 24 × 50 nun), covered by a second coverslip (No. 0; 18 × 18 nun), sealed with vaselineJlanoiin/paraffin (1:1:1), and transferred to the microscope for observation by video-enhanced DIC microscopy as described above. Routinely, a given microscope field of a preparation was observed for 10-15 min, and a minimum of three fields per preparation was evaluated during a 30-45-rain time period. Each test sample (buffer, BSA, preimmune antibodies, Tu27B, and H1 affinity-purified antibodies) was examined using at least four different axoplasmic preparations. A single homogenized axoplasmic preparation was used for no longer than 3 h, and, during this time period, no difference in motility in control experiments was observed.
H1/H2 Promoted Motility. The ability of gel filtration-purified H1/H2 to support motility was assessed using three types of assays: (a) H1/l-I2 promoted microtubule gliding on glass; (b) H1/I-12 promoted movement of salt-extracted axoplasmic vesicles on microtubules; and (c) HI/H2 promoted movement of latex beads on microtubules. For the different assays, the microtubules were assembled from purified porcine brain tubulin with 0.1 mM GTP plus 20/tM taxol. An aliquot of 3/d HI/I-I2 (0-0.5 mg/mi) was added to 1-3 ~i of microtubules (0.1 mg/mi), salt-extracted axoplasmic vesicles, or carboxylated latex beads (2.5% solid solution diluted 50-fold in HI/H2 buffer). The buffer conditions were as follows: 20 mM Hepes, pH 7.2, 50-100 mM KC1, 5 nod MgSO4, 1 mM EGTA, 20/~M taxol, 0-2 mM MgATP. Each preparation was added to a coverslip as described above and then transferred to the microscope for observation by video-enhanced DIC microscopy. A given microscope field of a preparation was observed for 10-30 rain, and a minimum of five fields per preparation was evaluated. The data in Fig. 4 A (vesicle motility) represent three separate preparations of saltextracted axoplnsmic vesicles and three separate preparations of gel filtration-purified H1/H2. The data in Fig. 4 B (bead motility) represent four separate preparations of HI/H2. The preparations used for the vesicle motility experiments were also used for the bead motility experiments. The rates of vesicle and bead movement were determined from video records of motility along straight segments of microtubules. The distance of translocation was determined by calculating the distance measured on the video monitor from the beginning to end of the translocation. The time was calculated from the time display on the video monitor at the beginning and end of the transiocation. Statistical analysis of motility data used t test and the Mann-Whimey U test. E/ectron Microscopy. For transmission electron microscopy, the gel filtration preparations and the 12-13-S and 19-20-S sucrose gradient fractions were negatively stained on carbon films according to the method of Valentine et al. (75) .
Results
Previously, we observed that axoplasmic vesicles isolated in the presence of MgATP retained the ability to translocate on axonemal microtubules (22) ; and photoaflinlty experiments using the radioactive analogue of ATE [c~32p]8-azidoATP, identified a high molecular mass polypeptide (referred to here as HI) that remained associated with these vesicles during purification (21) . However, when taxol-assembled microtubules were isolated from squid optic lobes in the absence of MgATP but in the presence of GTP, HI sedimented with the microtubules ( (16, 28, 36) . The heat treatment of optic lobe microtubules (Fig. 1, lane b) yielded a supernatant (lane c) that contained H1 only, demonstrating the thermosolubility of H1 and not H2. Thus, H1 is similar to vertebrate brain MAP 2 with respect to heat stability. Fig. 2 shows the purification of H1 and H2 with taxolassembled optic lobe microtubules (lane e) isolated in the absence of ATP and shows the ATP-dependent release of these polypeptides to the supernatant when the micrombules were extracted with 10 mM MgATP (lanesfand h). Because GTP was included in the homogenization buffer and each subsequent step of the isolation, kinesin remained soluble and did not sediment with the microtubules and associated polypeptides. Furthermore, the dissociation of H1 and H2 from the microtubules required the addition of either MgATP or MgCTP, but MgGTP did not promote the specific release of H1 and H2 to the supernatant (data not shown). HI and H2 were further purified from the ATP extracts by gel filtration column chromatography to yield three peaks of protein as shown in Fig. 3 A. The major peak of H1/H2 was in the void volume (lane c), and the ATP-binding polypeptides of this Figure 3 . Purification of H1/H2 from the ATPreleased supematant by gel filtration. (A) Protein elutes from the Bio-Gel A-1.5m column in three peaks: the fractions from each peak were pooled, dialyzed, and concentrated, and a representative sample of each appears in the following gel lanes. Each lane is from a single 4-10% aerylamide, 2-8 M urea gradient slab gel that was silver stained: 0ane a) molecular mass standards in kilodaltons; (lane b) concentrated, clarified ATP-released material (Fig. 2,  lanesfand h fraction were determined by photoaflinity labeling using [c~32p]8-azidoATP (Fig. 3 B) . Fig. 3 B, lane c, is from the autoradiograph and shows that in the presence of UV irradiation H1 bound the ATP analogue, yet H2 clearly did not. The doublet (o) at '~,200 kD that incorporated label is believed to be a proteolytic fragment of H1 containing the ATP-binding domain because it cross reacts with affinity-purified H1 antibodies (see Fig. 7 , lanes i and j).
Purification, Motility, and ATPase Activity of ill/H2
The gel filtration peak fraction of H1/H2 (Fig. 3 A, lane c) in the presence of 1 mM MgATP promoted the motility of salt-extracted vesicles and carboxylated latex beads along taxol-stabilized, MAP-free porcine brain microtubules (Figs. 5 and 6). The isolated axoplasmic vesicles were incubated in 2 M potassium acetate to remove peripheral membrane proteins, and these salt-extracted vesicles were then separated from the soluble proteins by gel filtration chromatography (Fig. 4) . The fractions enriched in vesicles but free of soluble proteins (Fig. 4, lane b) were concentrated, incubated with soluble H1/H2, and tested for the ability of H1/H2 to promote axoplasmic vesicle motility. Fig. 5 A shows the translocation of a salt-extracted axoplasmic vesicle at 1.04 /~m/s for a distance of 2.8 ~m. H1/H2 also promoted the motility of latex beads along isolated microtubules (Fig. 5 B) , and the bead shown moved for a distance of 4.5 Itm at a rate of 0.79/~m/s. Analysis of the videotapes revealed as many as one to three translocations per minute, but most vesicle and bead translocations were for short distances (El/~m). After a brief movement, the bead or vesicle would suddenly dissociate from or appear to fall offthe micrombule. Those vesicles and beads that did move for longer distances (3-6 ttm) frequently demonstrated translocations that contained very brief pauses or hesitations, and the longer translocations were less frequent-approximately three to five per 10-rain observation. Control experiments demonstrated that beads and salt-extracted vesicles did not undergo directed movement in the absence of added H1/H2.
The characteristics of the salt-extracted vesicle motility were not visually different from those of the latex beads, and the mean rate of vesicle motility (0.87 #m/s) was not significantly different from the mean rate of latex bead motility (0.92 ttm/s) at a P ~ 0.05 (Fig. 6 ). The translocations characterized by rates of 0.5 ttm/s (Fig. 6) were of the longer translocations that contained hesitations or brief pauses. Mo- (Fig. 3 A, lane c) promoted the translocation of salt-extracted vesicles (A) and latex beads (B) along taxol-assembled MAP-free microtubules. The rates of 0.5 #m/s represent translocations that contained pauses and hesitations (see Materials and Methods and Results). The mean rate of vesicle movement was not significantly different from the mean rate of bead movement (P ~< 0.05). X, mean. tility of both salt-extracted vesicles and latex beads was promoted by fractions containing H1/H2, including the supernatant that resulted after extraction of the optic lobe microtubules with MgATP (Fig. 2 , lane f, and Fig. 3 A, lane b) as well as the peak fraction of soluble H1/H2 after gel filtration chromatography (Fig. 3 A, lane c) . Furthermore, all preparations that promoted the movement of salt-extracted vesicles also promoted the movement of latex beads, but microtubule gliding promoted by H1/H2 was not observed. As the soluble H1/H2 preparations aged, the number of translocations per unit time decreased. However, for those vesicles and beads that did move, the characteristics and the rates of vesicle and bead motility did not appear different from motility promoted by freshly purified HI/H2.
ATPase assays of the gel filtration preparations of H1/H2 (Fig. 3 A, lane c) demonstrate that the rate increases with increasing concentration of H1/H2 (0-0.6 mg/ml final concentration) as well as with increasing MgATP concentration (0-2 mM MgATP). These results indicate that HI/H2 demonstrates a soluble MgATPase activity according to Michaelis-Menten kinetics with a Vm,x = 0.015 #real/rag per min and a Km = 56 #M.
Immunofluorescence Using Affinity-purified HI Antibodies
Rabbit polyclonal antibodies to H1 were affinity purified by column chromatography using the thermosoluble preparation of H1 (Fig. l, lane c) . Because H2 and the other high molecular mass polypeptides precipitated when the microtubules were boiled, the use of thermosoluble H1 for affinity purification ensured that no antibodies to H2 or other high molecular mass polypeptides would be present with the H1 antibodies. Fig. 7 shows the characterization of the affinity-purified H1 antibodies. The H1 antibodies cross reacted with H1 in association with optic lobe microtubules (lanes c and d), with H1 present in the supernatant that results after the extraction of optic lobe microtubules with MgATP (lanes e and f ) , with H1 present in two preparations purified by gel filtration chromatography (lanes g-j) . Lane i shows a doublet (e) that mi- Immunoblot characterization of affinity-purified H1 antibodies. Rabbit polyclonal antibodies were prepared to gel slices of optic lobe HI, and the H1 antibodies were affinity purified using the thermosoluble preparation of HI (Fig. 1, lane c) . Samples were resolved on 4-10% acrylamide, 2-8 M urea gels, transferred to nitrocellniose, and probed with either affinity-purified H1 antibodies or with preimmune antibodies. (Lanes a, c, e, g m), and this doublet shows cross-reaction with the affinitypurified H1 antibodies (lane j). Blots containing this gel filtration preparation of H1 were also probed with antibodies to the heavy chain of squid optic lobe myosin, and no cross reaction with the doublet polypeptides was evident (data not shown). The H1 antibodies recognized thermosoluble H1 (lanes k and I) and HI from squid axoplasm (Fig. 8 A, lanes  c and d) . Although on some blots a weak cross-reaction with porcine brain MAP 2 (Fig. 7, lane a; ~t) was evident, the level of reaction was considerably less than that demonstrated by HI, and most blots showed no cross-reaction with porcine brain MAPs (Fig. 7, lanes a and b) . Preimmune antibodies showed no cross-reaction with porcine brain microtubules, optic lobe microtubules, a low speed optic lobe supernatant (Fig. 7, lanes n-p, respectively) , or squid axoplasm (Fig. 8 A, lane e) .
Previous experiments indicated that H1 was a component of isolated axoplasmic vesicles that translocate along microtubules (21) . To demonstrate conclusively that H1 was associated with membranous organelles in axoplasm, double label immunofluorescence experiments were performed in squid axoplasm using the affinity-purified H1 antibodies (Fig.  8 B) . Extruded axoplasm was incubated in a low ionic strength buffer and dispersed by pipetting to cause the microtubules to dissociate into single transport filaments. This dissociated axoplasmic preparation was previously shown to support bidirectional particle movements along single microtubules (2, 62, 74) . Furthermore, this preparation was homogeneous, and the decreased viscosity of dissociated axoplasm ensured that the transport filaments were freely accessible to the antibodies. Fig. 8 B shows the DIC and immunofluorescence micrographs of a single microscope field of a fixed preparation of dissociated axoplasm treated with mouse monoclonal antibodies to ot-tubulin and afffinity-purified H1 antibodies. Presumably, the frame averaged image from the sensitive silicon-intensified target camera can detect fluorescent particles not observed by video-enhanced DIC. The observation that the H1 staining pattern was punctate and not linear like that of tubulin suggests that H1 does not associate with the wall of the microtubule in a spatially periodic fashion as one would expect for a microtubule-associated protein as classically defined (11, 36, 46, 67) . Rather, these results demonstrate that H1 is normally associated with vesicle-like particles in squid axoplasm.
HI Antibody Inhibition of Axoplasmic Vesicle Motility
The affinity-purified antibodies to H1 were used in motility experiments with axoplasm to ascertain their effect on vesicle motility (Table I) . Extruded axoplasm was diluted in the low ionic strength motility buffer described above to obtain a ho- Table I show that affinitypurified HI antibodies inhibited axoplasmic vesicle movement in a concentration-dependent manner. Interestingly, HI antibodies inhibited motility in both directions on microtubules to the same extent, such that maximally effective concentrations of HI antibodies blocked all vesicle movements in the in vitro--dissociated axoplasmic motility system. However, preimmune antibodies, monoclonal antibodies to/3-tubulin, and BSA at similar concentrations showed no discernable effect on vesicle motility.
The results presented thus far suggested to us that we had purified an organelle translocator. Our next series of experiments was directed to determine if this translocator was unique or rather a squid isoform of dynein.
Vanadate-sensitive UV Photocleavage of H2
The role of H2 in promoting vesicle and bead motility was not clear because H2 was not observed to bind [ot32p]8-azidoATP as expected for a dynein heavy chain, yet it purified with H1 during gel filtration chromatography. When MgCI2 was substituted for MgSO4 in the optic lobe microtubule buffer, H1 could be purified away from H2. Fig. 9 , lane b, shows the supernatant obtained by centrifugation after extraction of optic lobe microtubules with 10 mM MgATE and this supernatant was greatly enriched for H1. The microtubule pellet that results (lane h) was enriched for H2, but some H1 was present also.
These two preparations were irradiated at 366 nm in the presence of MgATP and sodium orthovanadate to determine if either polypeptide showed the vanadate-specific UV photocleavage characteristic of axonemal dyneins (19, 37, 40) . The data in Fig. 9 indicate that irradiation of the HI-enriched supernatant did not generate cleavage peptides (lanes b-g) . 
Sedimentation Analysis of HI and 1-12 Polypeptides
The supernatant that resulted after extraction of optic lobe microtubules with MgATP was dialyzed, concentrated, and then centrifuged on 5-25% sucrose gradients. The 18 frac- Figure 9 . Vanadate-indueed UV photocleavage of H2. HI was purified away from H2 by substitution of MgCI2 for MgSO4 in the buffer.
The supematant that results after extraction of microtubules with 10 mM MgATP was enriched in H1 (lane b). The microtubule pellet that results (lane h) contained some H1 but was enriched for H2. These two preparations were exposed to 366-nm light in the presence of 100 #M vanadate plus 10 mM MgATP, and the samples were analyzed by SDS-PAGE on 4-10% acrylamide, 2-8 M urea gels stained tions were assayed for ATPase activity and analyzed by SDS-PAGE (Fig. 10) . Two peaks of ATPase activity at 12-13 Sand 19-20 S (Fig. 10 B, fractions 3-5 and 10-11 ) correspond to fractions containing H1 and I-I2 polypeptides (Fig. 10 A) . Fig. 11 shows the 12-13-S and 19-20-S peak fractions resolved on a 3 % acrylamide, 8 M urea silver-stained gel and the corresponding Western blot probed with affinity-purified H1 antibodies. The H1 and H2 polypeptides were observed to stain differently on silver-stained gels (see Materials and Methods); H1 always stained yellow to orange, and H2 always stained intense black. Fig. 11 , lane a, shows the gel of the 12-13-S fraction. Both polypeptides stained orange, and the corresponding Western blot (lane c) shows that both polypeptides cross re.acted with the affinity-purified H1 antibodies. These results indicate that the HI antibodies detect two polypeptides in squid optic lobe that differ in their relative molecular masses-one of which comigrates at the H2 region on gels. Fig. 11 , lane b, is of the gel of the 19-20-S fraction, and one gel band is evident at the H2 region of the gel. However, within this area there was both bright orange and jet black staining, suggesting that H1 and I-I2 polypeptides were present but not resolved into two distinct bands. The corresponding Western blot (lane d) shows cross-reaction with the H1 antibodies. These data indicate that most of the H1 polypeptide sediments at 12-13 S, but there is a 19-20-S species also. Furthermore, the sedimentation of H2 at [19] [20] S with the H1 polypeptide suggests that these polypeptides may represent heavy chains of a dynein-like molecule.
Negatively stained preparations of the 19-20-S fraction reveal double-and single-headed particles when a field of view is examined by transmission electron microscopy (Fig. 12) . Fig. 13 shows several selected individual particles, and the two-headed particles (Fig. 13 A) exemplify the substructure of outer arm axonemal dyneins that sediment at 18-22 S (23, 26, 35, 43, 58, 82) . Furthermore, the cytoplasmic dyneins, MAP 1C (76) and sea urchin egg dynein (30) , also demonstrate this axonemal dynein morphology. Examination of the substructure of the squid double-headed particles reveals two individual globular heads that appear either pear shaped or spherical. These globular domains are connected by thin stems that contact each other and are joined at a common base. The single-headed particles (Fig. 13 B) appear either with or without tails and can be spherical or more elliptical in shape. Furthermore, the dimensions of the single-headed particles are comparable with those of the double-headed particles. These electron micrographs indicate that the protein purified at 19-20 S is a squid isoform of dynein.
Discussion
PUrification of an Organelle Translocator
With the addition of MgATP to optic lobe microtubules, the H1 and H2 polypeptides were released to the resulting supernatant (Fig. 2) and further purified by gel filtration chromatography (Fig. 3 A) . Furthermore, the column-purified protein demonstrated a soluble MgATPase activity and promoted the motility of salt-extracted vesicles and latex beads along microtubules (Figs. 5 and 6 ). These results clearly indicated the presence of an ATP-dependent organelle translocator, and previous experiments (21) suggested that H1 and possibly H2 were polypeptides of this translocator complex. Both H1 and I-I2 polypeptides were associated with isolated axoplasmic vesicles that were observed to translocate on isolated microtubules (21, 22) , and HI bound [ot32p]8-azidoATP when H1 was in association with axoplasmic vesicles (21) or soluble as purified by gel filtration chromatography (Fig. 3 B) . However, with the experimental conditions used, H2 was not observed to bind the radioactive photoaffmity analogue of ATP.
The affinity-purified antibodies to H1 localized the HI antigen to vesicle-like particles in dissociated axoplasm (Fig.  8) , and the punctate staining pattern of H1 demonstrated that in squid axoplasm H1 was a vesicle-associated polypeptide rather than a MAP that bound microtubules in a spatially periodic fashion. These immunofluorescence studies used a preparation of axoplasm that was diluted in a low ionic strength buffer and then dispersed by pipetting to yield a homogeneous preparation of single transport filaments. Therefore, this type of preparation allowed us to assess the local- The H1 antibodies were also used in motility studies with dissociated axoplasm to determine the effect of the antibodies on vesicle movement. In such an approach, the H1 antibodies inhibited vesicle translocation bidirectionally in a concentration-dependent manner, yet various control preparations at the same concentration showed no detectable effect on vesi- cle motility (Table I ). This result would be expected if both orthograde and retrograde vesicles carry motor molecules on their surface for both plus end-directed and minus end-directed movement-kinesin for plus end or orthograde movement, and the H1/H2 complex for retrograde movement. According to this hypothesis, the direction of translocation would then be specified by the activation of one translocator and inactivation of the other, yet antibodies to one motor could inhibit both directions of movement-one specifically and one nonspecifically. However, the data cannot exclude the possibility that the H1 antibodies did bind HI on the vesicle surface but sterically and therefore nonspecifically prevented interactions between the vesicle and microtubule that normally would be mediated by other mechanochemical enzymes.
The observation that the gel filtration preparation of H1/H2 promoted the translocation of both salt-extracted vesicles and latex beads indicated the presence of an organelle translocator (Figs. 5 and 6 ). The purification procedure used and the analysis of the motility suggested that the translocations observed were not mediated by trace amounts of kinesin that might have purified with the H1 and H2 polypeptides. First, GTP was included in the homogenization and microtubule isolation buffers; therefore, under these conditions kinesin would remain soluble and not copurify with microtubules and associated proteins (64, 72) . The gels (Fig. 2) did not show the presence of distinct polypeptides of ,,o110 kD nor did immunoblots of the optic lobe microtubules (from which H1 and I-I2 were purified) show cross-reaction when probed with rabbit polyclonal antibodies to the heavy chain of squid kinesin (data not shown). Second, the mean rates for both salt-extracted vesicles and latex beads at 0.9/~m/s are faster than the rate of 0.3-0.5/~m/s expected for squid kinesin (72) . Although some translocations promoted by the gel filtration preparations were characterized by rates as low as 0.5 ~,m/s (Fig. 6) , these translocations contained several pauses or hesitations, and the data represent the average speed of a vesicle or bead during the time of translocation. Lastly, microtubule gliding, a distinct characteristic of kinesin (64, 72, 73) , was not promoted by the gel filtration protein that promoted the salt-extracted vesicle and bead motility.
Evaluation of the Translocator as a Squid lsoform of Dynein
Previously, we had shown that the H1 polypeptide cross reacted with a polyclonal antiserum to porcine brain MAP 2 (21), and Fig. 1 demonstrates the thermosolubility of H1. Do et al. (12) observed that this boiled preparation of ill retained the ability to stimulate the assembly of chick brain tubulin and thus showed that HI demonstrated some of the characteristics of a microtubule-associated polypeptide as originally defined (67, 68) and specifically of mammalian brain MAP 2 (16, 28, 36) . However, when immunoblots conraining porcine brain microtubules were probed with the H1 antibodies, the cross-reactions with MAP 2 were very weak-slightly above background (Fig. 7) . The affinitypurified H1 antibodies were also used in double label immunofluorescence experiments, and Fig. 8 B shows that the H1 fluorescence pattern was punctate and corresponded to vesicle-like particles in the DIC micrograph of the preparation. The H1 fluorescence staining did not correspond to the smooth, linear pattern generated by fluorescent MAP 2 (60, 77) . These results indicate that, in squid axoplasm, H1 was associated with vesicle-like particles rather than the axoplasmic microtubules in a spatially periodic fashion expected of a MAP 2-like polypeptide. Therefore, H1 may share one or more antigenic determinants with mammalian MAP 2 as suggested by the cross-reaction with the MAP 2 antiserum (21) and may have characteristics in common with mammalian MAP 2, but the results presented here indicate that H1 is not the squid analogue of vertebrate brain MAP 2.
The role of H2 in promoting the motility of vesicles and beads was not clear because H2 did not release to the supernatant stoichiometrically with H1 in the presence of 10 mM MgATP. In fact, when HI and H2 were separated (Fig. 9 ), H2 sedimented with the microtubules even in the presence of MgATP. Furthermore, H2 was not observed to bind [o~32p]8-azidoATP (Fig. 3 B and reference 21, Fig. 2 ) as expected for a dynein heavy chain (9, 51, 54) . However, in the presence of MgATP and vanadate, H2 was cleaved by UV irradiation to yield peptide fragments of 240 and 195 kD (Fig.  9) , a distinctive characteristic of dynein. These results indicated that H2 was an ATP-binding polypeptide. Furthermore, the generation of the two vanadate-induced photocleavage peptides, each of '~ 200 kD, suggested that the ATP-binding site of H2 and its location within the polypeptide was similar to the ATP-binding site of axonemal and cytoplasmic dyneins (13, 19, 37, 40, 42, 47, 49, 52) .
When the MgATP extracts from optic lobe microtubules were fractionated by sucrose density gradient ultracentrifugation, H1 and H2 sedimented together at 19-20 S (Figs. 10  and 11 ), and negatively stained preparations (Figs. 12 and  13 ) of the 19-20-S fraction revealed double-headed particles whose substructure was analogous to that of outer arm 18-22-S axonemal dyneins (23, 26, 35, 43, 58, 82) and cytoplasmic dyneins (30, 76) . These results indicate that the vesicle and bead motility observed was promoted by a squid dynein-like protein. Furthermore, the results suggest that the double-headed particles are heterodimers containing one each of the H1 and H2 polypeptides. However, the sedimentation profile of the MgATP extract indicated that only a small proportion of the H1 and H2 polypeptides and associated ATPase activity sedimented at 19-20 S (Fig. 10) . Fig. 9 shows that in the presence of MgATP most of the H2 sedimented with the microtubules in contrast to H1 which remained soluble. When the clarified MgATP extract was fractionated on sucrose gradients, most of the HI and its associated ATPase activity sedimented at 12-13 S; and electron micrographs (data not shown) of the 12-13-S fraction reveal a number of single-headed particles. One characteristic of axonemal and sea urchin unfertilized egg dyneins is that the sedimentation of the dynein heavy chains and associated ATPase activity can be shifted from 18-20 S to 12-14 S by the presence of high or low salt or nonionic detergents such as Triton X-100 (14, 17, 18, 50, 52, 58, 69) . Thus, the sedimentation of most of H1 at 12-13 S may represent a salt-dependent conformational change of the 19-20-S double-headed particle to a 12-13-S single-headed particle.
The sucrose gradient analysis ( Fig. 10 ) and resulting immunoblots shown in Fig. 11 indicate that there are two molecular mass species of H1 in optic lobe, but only the lower relative molecular mass species sediments at 19-20 S. The role of the higher relative molecular mass species is not known at this time, but it may represent a precursor form that requires some form of modification for activity. Furthermore, because optic lobe is characterized by large nerve endings, cell bodies, dendrites as well as glial and granule cells but not long segments of axons (10, 25) , the two molecular mass forms of HI may be characteristic of these neuronal compartments and cell types but not characteristic of axonal compartments. These questions can be resolved with further experimentation using 19-20-S fractions from axoplasm.
The data presented indicate that the motility promoted by the gel filtration preparation of H1/H2 is due to a squid isoform of dynein. Furthermore, the H1 and H2 polypeptides sediment at 19-20 S, and preparations negatively stained for electron microscopy reveal a double-headed dynein-like particle at 19-20 S. However, the results presented here do not conclusively show that H1 and H2 are the polypeptides that correspond to the heads of the double-headed particles detected by electron microscopy and therefore are the dynein heavy chains. However, if one assumes that H1 and H2 are the heavy chain polypeptides of the double-headed dynein, then the results from the [c~32p]8-azidoATP-binding and UV vanadate-sensitive cleavage experiments suggest that the nucleotide-binding sites of H1 and H2 are different. H1 was observed to bind [c~32p]8-azidoATP, yet H2 did not with the experimental conditions used (Fig. 3 and reference 21, Fig. 2 ). Furthermore, H2 was cleaved by ADP.vanadate.UV but HI cleavage peptides were not generated (Fig. 9) . A model that accounts for these observations follows: when the high speed optic lobe supernatant is prepared, squid dynein is present as the double-headed particle and as single-headed particles of H1 or H2. During taxol assembly of microtubules, both 'the double-and single-headed particles would sediment with the microtubules and, in the presence of MgATP, both types of particles would be released from the microtubules to the supernatant. However, the gels (Fig. 9) indicate that most of the H2 sediments with the microtubules, yet the H1 remains soluble. Therefore, when the MgATP extract enriched in H1 is fractionated by sucrose density gradient centrifugation, the single-headed H1 would sediment at 12-13 S and the double-headed particle (H1/H2 [1:1] ) would sediment at 19-20 S. This behavior predicts that the rate of release of ADP from H1 would be faster than the rate of release of ADP from H2, a fact which would also explain our inability to detect the binding of UV vanadate-specific cleavage of H1 was not detected (Fig. 9, lanes q and r) , suggesting that the nucleotide-binding sites of H1 and H2 are different. For the axonemal dyneins and some of the cytoplasmic dyneins recently characterized, significant photocleavage of the heavy chains occurs within minutes and almost complete cleavage is obtained by 30-60 min 09, 37, 40, 42, 47, 52) . In the case of the squid protein as well as MAP 1C, significant amounts of the heavy chain remained intact after 120 min of irradiation; and for MAP 1C, substantial amounts remained after irradiation for 5 h (Fig. 12 of reference 49 ). Although these data are consistent with a difference in nucleotide-binding sites of the heavy chains (H1 and H2) of squid dynein as well as another cytoplasmic dynein, MAP 1C, it is possible that the results observed reflect heterogeneity in the activity of the purified protein. More quantitative approaches that examine these ATPases at their active sites will be required to determine if there is truly a difference in the nucleotide-binding sites of these dynein heavy chains.
The results presented characterize a squid isoform of dynein. The H1 and I-I2 polypeptides are high molecular mass MAPs (relative molecular mass of"o435 kD) that interact with microtubules in an ATP-sensitive manner. The soluble protein purified by gel filtration demonstrates MgATPase activity and promotes the translocation of both latex beads and salt-extracted vesicles along isolated microtubules at a rate of '~0.9/~m/s. H1 and H2 polypeptides and associated ATPase activity sediment at 19-20 S, electron microscopy reveals a double-headed dynein-like particle in this fraction, the H1 polypeptide binds [~2p]8-azidoATP, and the H2 polypeptide demonstrates vanadate-induced UV photocleavage. Lastly, the immunofluorescence data localize the H1 polypeptide to vesicle-like particles in squid axoplasm which indicate that this neuronal dynein promotes membranous organelle motility during fast axoplasmic transport. Thus, this squid dynein isoform composed of at least two different high molecular mass polypeptides appears to be a member of the family of nonaxonemal dyneins that have been recently characterized.
